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ABSTRACT 
Radiation transport in an optically thick medium where the natural 
wia(s of the lines are important is discussed in connection with the 
1304 01 triplet observed in the upper atmosphere. 
of rrunlight W i l l  lead to an altitude variation of the airglow lines l ike  
the one observed but predicts only 2 kR peak intensity at 185 laa for solar 
lines 0.2 A wide. Similarly the intensity observed at 1356 A in the 
forbidden oxygen transition ( S - 'P) is far too great to be resonance 
Resonance scattering 
0 0 I 
5 
scattering of solar radiation. The question of the need for a souxct 
of excitation at 200 bn remains open. 
a 
By t h i a  tire a number of observations have been mule of the 1w- 
1% A t r i p l e t  of atomic oxy- in the dayglow of the upper rtrosphere 1 2 3 4 5  ' ' ' ' 
The variation of intensity with altitude has been measured fror l.00 km t o  
above lo00 km. A colllppon feature of a l l  of the profiles w i t h  one possible 
exception is a steep rise in the flux of downward streaming resonance 
0 
photons between ulo Inn and about 1 9  lan followed by a monotonic decrease 
t o  the highest altitude. The absolute intensity measurements vary quite 
considerably. Values have been reported a t  the peak ranging from 2 t o  
7.7 k~ even for the same sour zenith angle (60"). 
th i s  is a real variation or reflects the great calibration difficult ies 
It is  not clear whether 
attending these measurements and the pernicious effects of slaall amounts 
of outgassing on the transmissivity near the spectrophotometers. 
The radiation observed arises from the "resonance" transitions 
( 2 ~ ) ~  ?E'2,1,0-(2p)3 3s 3S1. The observations t o  be discussed here were 
made in the direction of the zenith a t  a solar eloqption of 60°. Direct 
sunlight was excluded from the  detectors. 
There are three intense solar emission l ines belonging t o  th i s  
tr iplet .  Their intensit ies at 140 km are 0.025 ergs/cm2 sec (%0-3S1), 
0.020 ergs/cm2 sec (%1-3S1) and 0.013 ergs/cm2 sec (3P2-3S1) and the 
full width of these lines it not greater than 0.2 f 6'70 It is n8turrl 
t o  suppose that the dayglow observed rises entirely or in  large measure 
from resonmce scattering of sunlight. There is even the possibility 
that  an important contribution t o  the scattered 1302-06 lines could 
1 
2 
be made by solar Lynian f3 which is absorbed by atomic oxygen i n  the 
transit ion 2p4 3p2-(2p)3 3 be8 
efficiently by cascading. 
The %I s ta te  w i l l  feed the 3s 3, state 
However,  Donahue and Fastiel have shown that i f  the multiple 
resonance scattering occurs incoherently with complete frequency redistri-  
bution and the oxygen absorption l ines have a pure Doppler shape no pronounced 
maximum should occur between 160 km and about 400 km. Furthermore, the 
expected maximum dayglow intensity would be about 2 kR, even taking the  
contribution of 
that  i f  the assumption of a Doppler line shape is  reasonably valid it is 
necessary t o  assume the  existence of an internal source of excitation near 
180 km t o  account for  the maximum. 
oxygen by energetic photo-electrons has been proposed as  the mechanism 
for th i s  excitation. 
f3 in  the Bowen mechanism into effect. The pointed out 
Subsequently excitation of atomic 
9,lO 
It is now evident that the oscil lator strength of the 1302-06 
transit ion is large. u,12 I t s  value 
as large as 0.04613 i n  contrast with 
lation referred to. Thus scattering 
appears to be a t  least  0.03, and perhaps 
the value 0.0065 used in  the  calcu- 
in  the natural wings of the oxygen 
l ines  is not negligible when such great optical depths as occur i n  th i s  
problem are involved. 
RADUTIVE TRANWER THEOW 
1. The Atomic Oxygen 
Following convention the frequency Is measured in 
units of the Doppler width 
If  absorption and reemission always were t o  occur a t  v 
of the atom the scattering cross section In the laboratory frsme would 
have the Doppler dependence on frequency 
z 
i n  the rest m e  
0 
- %  
W X )  = To e 
(3) 
where 
I n  the atomic rest frame, however, the absorption coefficient has a 
dependence on Frequency given by the natural resonance shape, When this 
f‘requency dependence is smeared by the atomic motions the cross section (4) 
where 
1. 4 
where the sum is over a l l  transitions down from the upper state. The 
cross section w i l l  be represented here in its approximate fona 
when x)2. Since, with f = 0.03, the sum of the transition probabilities 
8 -1 S i 3  is 3.86 x 10 sec 
sec 
and a t  1OOO" the Doppler width is Av 4.78 x lom D 
-1 the frequency dependence of the cross section becomes 
The value of x for which the two tenus in the cross section are equal is  
2.86 at u)ooo, 2.80 at 850" and 2.74 a t  500". A t  xc = 2.86 
The cross section at the center of the line for T = 10oOo is given 
Since measurement gives oscillator strengths of 0.17, 0.09 and 0.0303 the 
I *  
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5 
cross sections a t  the central frequency for the three Unes are 
1% cr 
The density of atomic oxygen m e a s u r e d  mass spectrcmetrically a t  
16 
various altitudes in my, 1963 is given in  Table 1 along with the residual 
abundance i n  atams/cn? above those altitudes and the gas temperature. A t  
3 3 $OOO°K the relative populations p , p and p1 of the P2, 'PI and Po 
levels i s  0.4, 0.315 and 0.285. 
5 3  
From the cross sections (13) and the relative populations of the 
three levels the vertical optical thickness a t  the center of each line is 
computed as a f'unction of altitude (Table 1). 
The vertical optical thickness a t  frequencies 2.85, 3.55 and 4.26 Doppler 
units are tabulated in Table 2. The wings become important i n  the 
imprisonment problem only deep i n  the Layer below 150 km for the strongest 
l ine.  However, absorption o f t h e  solar lines will be much more effective 
than for the pure Doppler case. 
photons, captured i n  the wings, w i l l  be efficiently fed into the Doppler 
core where they can be trapped o r  rapidly leak out of the atmosphere 
a f t e r  a few scatterings. 
t o  the scattered radiation field inside the scattering m e d i u m  
The question is whether the additional 
I n  the l a t t e r  case they will contribute l i t t l e  
The accumulated number of photons scattered f'rom the solar Unes 
a t  any level well within the medium is somewhat smaller than the observed 
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Altitude 
la0 
U O  
I20 
140 
160 
180 
200 
220 
300 
350 
500 
T 
"g 
240" 
300" 
420" 
60" 
780 " 
1OoO" 
1OoO" 
m0 
m0 
m0 
Table 1 
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1 
downward tmvelling flux. Insofar as the solar l ines may be treated as 
continua of intensity 
number of photons scattered from one line dam t o  an optical depth 
TF0/AvSy where Avs is the solar Une width, the 
I 
i s  given by 
where M is the cosine of the solar zenith angle. The integral in (15) is 
plotted In Fig. 1 as a function of optical thickness with p = 0.5 for  the 
two cross sections (3) an8 (9). The ra t io  of the atmospheric Doppler line 
width t o  the solar me width is  1/22 and the factor r F o  AvD/AvS is 
3.8 x loo2 kR, 5.9 x 
a t  l80 km 0.9 kR’, 0.43 IrR and 0.42 kRy or 1.2 kR in a l l  have been scattered 
f’rom the solar lines as primary photons. 
0.045 kR, or about 0.3 kR i n  a l l  are scattered in the wings. The integrated 
primery scattering for the three l ines is compared with the observed aagglrm 
kR and 7.3 x lom2 kR for the three Unes. Hence 
O f  these 0.11 kR, 0.11 kR and 
as a function of alt i tude in Fig. 2.  
The photons which are observed deep in the medium are photons 
which have boon captured from the solar beam somewhere! In  the medium and 
have undergone repeated scatterings on their way to  escape back into space 
o r  t o  bo absorbed by other atmospheric gSses lower in the atmosphere. The 
number of photons absorbed A.am the solar beam per unit optical  thickness 
decreases steadily with optical depth. However, the number of scattcringe 
a photon must make t o  escape increases in a rSdMon almost inverse t o  the 
capture rate 80 that the actual excitation rate renralne high down t o  the 
lwel a t  vfiich escape to the absorbing medium below beglm t o  be effective. 
9 
2. General Theory W i t h  Complete Redistribution 
The theory of multiple scattering or imprisonment for the case of 
a pure Doppler line with complete frequency redistribution was developed 
17+8 19 following the methods of Holstein and Biberman i n  the pper by Don8hue 
a& 
H t ? )  = - 
I 
and Fastie. It has also been discussed recently by Tomats? The model 
is a plane parrrUel one with the plane 2 = z v  being perfectly absorbing. 
A continuum of intensityTFo/Avs is  incident a t  = 0 a t  an angle cos-'~ 
w i t h  the vertical. The excitation rate j( 2 )  a t  Z is given by 
/ f 
where H( 7, T ) d'Z: 
between ? and 2 + de is captured a t  the level 
rate of primry excitation, in the present case by solar photons. The 
transfer function H(/t  , 7 ) is  related t o  the probability & ( A T  ) that 
a photon emitted a t  some level will cross a plane a t  a level A Z  away. 
is  the probability t&t a photon emitted in the layer 
I I 1 . jo(T)  I s  the 
1 
c 
where 
is the pmbabllity t h a t  a photon emitted w i t h  the frequency spectrum P(v) 
w i l l  tmvel  a distance without being absorbed, 
The probability that a photon w i l l  escape from the level 2 is 
E ( E ‘ )  w h r e  
Because of this relationship the transport equation (16) lpay be writ ten 
From the caqputational point of view this is a very u s e m  fom of (16). 
jo( Z)/ ’E(~ ) is a good first approximation t o  j(T). The integral is a 
correction w i t h  the help of which jo(r)/kc ) can quickly be adjusted 
t o  y i e u  a very close approximation t o  j (z ) & particular it can be 
noticed at  once that i f  j ( 
less than jo( ‘z m)/E  (2 m) there and 2 
t h e  value of /zT a t  which j& has i ts  maximumrmrm. 
) has a maximum a t  some 7, then j (2,) is 
cannot be *r removed in e from 
The rate of absorption of beam photons per unit length jo(r) is 
given by 
and k ( v )  is the absorption coefficient. From (19) this is seen t o  be 
d u s t  
or 
41 I* ’
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For the Case of a pure Doppler line Holstein ha6 shown that asymp- 
tot ical ly  
It is because j 0 ( ~ ~ ) / E ( ~  ) varies as T ( T / p ) / E ( T L  from = 0 almost t o  
= %/2 and because both numerator and denominator have the same 
dependence on 
uniform excitation deep in the m e d i u m  for a pure Doppler l ine case. A t  
‘T = /2 E ( Z )  = 2&(T) and E(7) increases thereafter as the plane 
T= Tv is  approached so that job drops t o  half i t s  plateau value at 
TV/2 and rapidly approaches zero a t  T 
apart from a logarithmic factor that there is  ahnost 
v j  
From the excitation function j ( r )  the intensity of scattered 
photons arriving in any direction a t  the level ‘z is  given by 
where the 
w-t 
integration is along the line of sight. Although the most 
contributions t o  this integral are obtained w i t h i n  60ppe 10 
optical thicknesses there a re  non trivial numbers of photons arriving 
from very distant rsnges of T 
with 2 of T( ) These photons are of course predaninantly in the Wings 
of the b e  and the spectrum of the l ine  is broad and reversed. 
i f  T is large because of the slow decraee 
I. 
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17,1? 
Holstein has sham that thts  treatment takes into account all 
important effects arising from frequency redistribution on scattering 
for  the pure Doppler case. The very strong imprisonment is a cansequence 
of the fact  that a photon absorbed a t  some frequency x'  has equal 
probability of being scattered t o  any frequency i n  the range - \ x'l 4 x < 
I XI! but the probability of Larger shifts  decreases exponentiam with 
1 x'  f - I x I I In the rest f'rame of the atom each absorI>tion and 
emission is  a t  the natural frequency. A photon fbr off resonance in  the 
observer's frame may be captured only by an atom in the tail of the 
Maxwell distribution w i t h  a large velocity component in the direction of 
photon travel. Since reemission is  isotropic the  scattered photon as 
seen by the observer tends to  be a t  a frequency closer t o  the natural  
frequency. Photons which are  absorbed i n  the wings of the natural l ine 
i n  the atom's rest frsme on the other hand may be far off the center of 
the  Line i n  the laboratory f'rame without depending on capture by a high 
v e l h i t y  atom. 
for them also, the relative probability t ha t  they are sent back into 
Thus, although redistrtbutim s t r ic t ly  speaking occurs 
the Doppler core is reduced even though there is always a bias i n  tbt 
direction. The asymmetry i n  the redistribution function decreases w i t h  
increasing x as Unno has shown. Thus, t o  follow a discussion by O s t e r -  
brook, it can be seen that the escape problem is severely modified if  a 
3r 
24 
photon s t a r t s  so deep i n  the m e d i u m  that the optical depth is  large 
cornpared t o  unity at  xc where the natural wings begin t o  dominate. A photon 
which by cbance is emitted a t  a frequency in the wings has a good chance 
after a few scatterings of being shifted back into the core. However, 
the spatial diffusion during the scatterings in  the wings where the free 
paths are long can carry it close t o  the boundary. There it may escape 
more readily especially on a later  excursion i n  frequency into the wings. 
The escape probability instead of vary- as ( T {r .&u z 1-l  
varies more rapidly with when 
important 
is large enough that the wings become 
In the present problem the optical thickness for  the strongest 
l ine becomes unity a t  the transition frequency between the Doppler core 
and the wings a t  about 160 km (Table 2). 
the treatment outlined above begins t o  become questionable. 
a t  about the 130 km level does escape in the  wings seriously begin t o  
alter the dependence of E(m on z. 
the medium (measured i n  units of Z)  the pure Doppler approach can be 
used over most of the region of interest  i n  the problem once j o  is deter- 
mined. 
order of unity a t  xc for t h e  1302 l ine it is only 0.4 for the 1304 l ine  
and 0.13 for the 1306 Une. Thus a photon which happens t o  be absorbed 
well in  the natural w i n g s  of' the 1302 l ine  has four chances in nine of 
being emitted i n  the vings of the other two lines where it can readily 
escape. 
can be absorbed in t he  wings of the other two lines with a reasonable 
probability the emitted photon has a chance of 5/9 to  be emitted in the 
1302 l ine where it has a small chance of going far without being reabsorbed. 
It is only below that level that 
In fact  only 
Since t h i s  is about half way through 
It should be noted, however, that i n  a region where is of the 
On the other hand, somewhat deeper in  the medium where a photon 
Thus although the wings will have l i t t l e  influence on the imprison- 
ment problem once a photon is absorbed in the Doppler core the principal 
question is  t o  determine a t  what rate photons captured f r o m  the solar 
beam in the natural wings are  fed into the  core, 
photons here which becomes more and more important relative t o  the d i r e c t  
absorption in the core as the beam progresses -to the medium. 
There is  a supply of 
If a 
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A l t i t u d e  
km 
m 
120 
140 
160 
180 
200 
220 
A l t i t u d e  
km 
U O  
I20 
140 
160 
180 
200 
220 
Table 2 
A t  x = 2.86 
12.4 
6.35 
2.58 
1.29 
0 *73 
0.44 
0.28 
5.33 
2.70 
1.08 
* 54 
31 
19 
.I2 
1.60 
0.81 
0.33 
0.17 
0 .og 
0.06 
0.04 
z 5(3.55) 
8.1 
4.1 
1-7 
.81 
47 
.28 
.18 
A t  x = 3.55 
3.3 
1.7 
e 6 9  
*34 
020 
*E 
07 
1 .o 
52 
.21 
010 
0 0 6  
-04 
.02 
I. 
8 
1 
8 
. 
I 
1 
I 
I 
I 
8 
8 
I 
8 
Altitude 
km 
llo 
120 
140 
160 
180 
200 
220 
Table 2 - cont'd. 
5.6 
2.8 
1.2 
58 
-32 
02 
.12 
A t  x = 4.26 
f3( 4.26) T(4.26) 
0.7 
0 e23 
0 .og 
0 .O5 
0-03 
0 .(M 
0 001 
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sizeable fraction of these photons can be shifted into the core then there 
i s  a possibility of producing an increasing imprisoned excitation with 
increasing z and the observed increase i n  brightness dawn t o  180 lan may 
be realized. 
In this case, however, a difficulty will be t o  account for  the 
The 180 km level is decrease in intensity from 180 km down t o  U O  km. 
only about 1/20 of the way t o  ll0 km in units of optical thickness. 
i s  only a t  l l0  lsm that the number of scatterings suffered by an imprisoned 
photon before escape becomes so large that its to t a l  path length in the 
atmosphere becomes comparable t o  the mean free path for  absorption in 02. 
The cross section for absorption of a 1300 photon by 0 is of the  order 
of 
altitudes i n  Table 3. It becomes about 2 x cm” a t  I l O  km. Taking 
the average cross section for  resonance scattering to  be 10’13 cm? the 
scattering coefficient 5 n(0) can be calculated. This is 1.5 x 10-1 
a t  U O  km. Thus a photon can on the average suffer 5 n(O)/ qn(02) 
scatterings before absorption. A t  110 km (Table 3) this number is 
8.5 x 10 . 
strongest line there is  about 2.3 x lo4 and 4 7  
1/E(m and hence measures the number of scatterings before escape is 
It 
2 
cm2 . The absorption coefficient qn (02)  is tabulated a t  various 
* 
4 On t he  other hand, the optical thickness t o  inf ini ty  for  the 
which is 
5 x 105. A t  120 km the same two quantities are  1.3 x 10 5 and 2.5 x 10 5 
This is for  the strongest l ine.  Because the photon spends half of its 
l i f e  i n  the other two l ines and in a c t  the  imprisonment is weakened by 
escape in the wings absorption begins t o  be effective somewhere between 
110 and I20 km. 
a t  110 km. 
In t h i s  paper the absorbing lower boundary has been put 
It is interesting that the photon mean free path i s  small compared to the 
Ghensions of a rocket beim ib ion. 
intensit ies in that the rocket creates a sheath of low excitation about 
itself. 
* 
This should affect the measured 
I .  
iltitude 
km 
U O  
120 
140 
160 
180 
200 
-I cm 
Table 3 
To calculate J0 it is necessary t o  evaluate the function 
4-m 
The integrand on the right hand side of (29) for s m a l l  values of T is 
dominated by the Doppler core and has the form 
But  for  sufficiently large Z 
may be approximated by 
the wings predominate a d  the intern& 
and t h i s  gives the rate  per unit 
the other hand f o r  7 so large that 
rate a t  which photons are absorbed i n  the natural wings it is necessary 
that solar photons are absorbed. On 
z(xc) > > 1 - or in general for the 
'I 
'I 
II 
I 
I 
I 
I 
I 
'I 
This is pIacticaUy 
relevant t o  this problem are plotted in Fig. 3. For values of r / p  less 
than ux) the first of these f'unctions accurately gives the rate of 
absorption and for  values of z'/cr larger than about lo00 the second is  a 
good approximation the rate  of absorption i n  the core being small compared 
t o  that in the wings. 
However, for our purposes only the photons absorbed i n  the wings 
not too far i n  frequency from x have a reasonable chance of shifting into 
the core before they scatter aut of the medium. 
frequency redistribution function for scattering in the wings is asymnetrical. 
There is always a larger probability that the photon will have its f'requency 
shifted back toward the center of the Une than that it will be shifted 
toward the Kings. 
defect. 
the exact diffusion history by requiring the photon t o  suffer a discrete 
frequency s h i f t  of l / E u p o n  scattering a t  x'> x The probability of a 
shiftby 1/E t o  a frequency x closer t o  the center of the l ine is 
( 1  + c / 1 x 8  I )/2 w h i l e  the probability of a shift by l/fi away A.opn the 
center is (1  a / x 8 1 ) / 2 .  Thus, for photons in the wings a Ufftlsion 
treatment may be used in frequency and in space but, except fsr in the 
wings, the bias tending t o  send the photon back t o  x = x must be taken 
into account. 
jump is t o  4.26 Doppler units. A t  an x of 3.56 the probability of 
scattering back into the core is 0.6. A t  4.26 it is 0.58. 
C 
Unno has shown that the 
This bias decreases, however, with increasing frequency 
Osterbrook has demonstrated t h a t  it is possible t o  approximste 
C 
I 1  c 
In our problem xc is 2.85, x -F l / f i i s  3.56 and the next 
C 
I .  
I C  
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This scheme permits an evaluation of the rate at  which solar photons in 
the wings are shifted into the Doppler core and became trapped. Thus in 
the 1302 solar l ine about .60 per cent of the photons absorbed per unit 
optical thickness between x = 2.85 and x = 3.56 are assumed t o  find them- 
selves after scattering in the core of one of the three lines, 5/9 in the 
1302 Une, 1/3 in the 1304 and 119 in the 1306. In the case of the latter 
two llnes the rste of Wect ion per unit optical thiclmess for each of 
them must be obtained. This entails transfowing the rates in terms of 
1302 optical thickness by factors of l / O . k  and 1/0.328, the ratios of the 
cross sections times the effective abundance. Similar3y i n  the other two 
solar lines photons a t  frequencies 2.85 t o  3.56 Doppler units frm the 
l ine  center w i l l  feed the Doppler mechanism in a l l  three a i r g l o w  lines. 
Because of the r m r a l l  opacities in  the wings and the presence of probability 
factors of the order of 0.4 x 0.6 x 0.6 compared t o  0.6 it is safe except 
deep in the medium t o  neglect those photons which i n  the i r  first scattering 
sh i f t  away from the core. These photons which scatter more than once i n  
the wings before reaching the core undergo their first scattering Fsr 
away from the  level a t  which they finally reach the core. Ln calculating 
jo(m at  large zit is necessary in principle t o  consider photons which 
are  scattered first a t  small values of Y and continue t o  travel downward 
in the wings un t i l  they finally shift into the core. This is because the 
rate of primary scattering is so much larger at  small 't' than it is at  
large 't'(Pig. 3) . 
a t  a- level continue downward and the fact that the chance of a sh i f t  
However, the fact  that only half of the photons scattered 
t o  a frequency M e r  in the wings is not negligible cut down seriously 
on the multiple scattering contribution by wing photons t o  jo(z',. 
addition there is another effect associated w i t h  the decrease in tenpersture 
be*- 200 km RA 100 h to be discussed later vhfch minimizes this 
In 
contribution. On the other band there is a non mgU#blC cantr2buticm 
t o  jo(r) fropz photons scattered beyond I x I = 3.56 below 140 Ian which 
shift into the rsnge of x betveen 2.85 and 3.56, trsvel upward as 1% 
photons, and scatter again near 200 Inn into the core. F'mm Table 2 which 
gives the optical thickness in the three Uses at x d u e s  of ~ ~ 8 5 ,  3.56 
and 4.26 it csp be seen that f h i s  effect is negligible in the 1% Une 
and effective in the 1304 l ine  only below 150 km because the mean free 
path in  Tis lf iwhich is greater than the distance to the tup of the 
atmosphere. 
It is necesmry t o  know therefore the rate of absorption of solar 
photons in the wings for the range 2.85 < x $ 3.56 and also for the range 
3.56 $ x (4.26. These are given by jg(T) and jAt*(Z) where! 
o r  
The factor 
20 
along with the similar quantity for the range 3.56-4.26 are plotted i n  
Fig. 3 for comparison w i t h [ v / d { v f - l  which measures in a similar 
way the direct  absorption per uni t  in the Doppler Une. Above a r /p  
of about 2500 (I& km for 1%) the two are camparsble in size. 
3 The rate of excitation of the S1levelby solar photons close 
e n o w  t o  x-esarunnce that the reemitted photons w i l l  be in the Doppler 
core must nuw be computed. Expressed in units of optical t h i chess  for  
the 1302 Une t h i s  is made up of contributions from the solar 1302, 1% 
and 1306 lines. A t  a given altftude it consists of 
times the contribution of 
and that of - 1  
plus that of 
A t  180 Ian the ra t io  of direct excitation in the core t o  the contri- 
bution from the wings by the 1302 solar line is  0.8/0.33, by the 1304 line, 
I. 21 
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1.30/0.33 a d  by the 1306 -e, 1.75/0.2. The =ti0 of the excitation 
rate derived in this way t o  direct excltstian in the core is 1.22. In 
contrast the rat io  a t  220 km is 1.13. 
A t  160 hm excitation In  the core Via the Fangs relative t o  that 
in the core direct ly  would be 5*7/19.6 and the rat io  of t o t a l  excitation 
t o  direct core excitation vuuld be 1-29 if AvD were independent of altitude. 
HaweveF, below 200 km the temperature begins to  decrease rapidly Fram u)oo 
t o  about 500" a t  500 Inn and 300' at 120 km. This  causes AvD t o  decrease 
considerably. xc is reduced t o  2.74 at 5oOo. The supply of s o w  photons 
for direct excitation i n  the  core as well as f o r  absorption in the nearby 
wings (which now reach only t o  Ix  I = 3.45) is  drastically reduced. * m e  
ellgible photons have been absorbed already by atoms higher up i n  the 
atmosphere. This is a very serious effect and excitation by direct 
absorption in  the Vinga decreases sharply below the themnopause. 
more, the frequencies in the wings a t  which solar photons are being actively 
absorbed are nov considerably fgrther removed from the boundary between 
core and wings so that more scatterings are required to  shift their 
frequencies into the core. 
Further- 
In the imprisunment problem it is the rat io  of 3, t o  the escape 
probability B which determines the first approx3nation t o  the excitation 
f'Unction. 
in the upward direction is reduced in the sane way as the prirPary 
excitation function jo if the temperature decreases downward. iPhis is 
not the case where the wings have also been effective in removing photo- 
which could get into the Doppler core. Furthermore the escape probabiUQ 
downward frolp a certain level - say near 150 km is vsstly increased because 
It is true that f o r a  pure Doppler l ine the escape probabllitg 
22 
of the shriaking Doppler width below that k v e l  which mti.kes the gas trans- 
parent in the wings of the Doppler line. 
t o  jo is taken t o  vanish at 140 km and decrease monotonically between l80 ]pa 
and 140 lon. Furthermore the region in the Wings fbm which photons can 
reach the core is shifted from 2.85< Ix I <  3.56 t o  2.74(1x l(3.45 (Fig. 3) 
at  150 kut and continues t o  shift as the alt i tude decreases. A t  140 IUII the 
Fatio of the excitation rate by Frequency shift in the vings t o  the pure 
Doppler, constant tenrperature, excitation lste is 2-4/10. 
Hence the d-ct coxrtrlbution 
The rat io  of the excitation rate obtained in this way t o  that 
which would occur for  a pure Doppler l ine is shown as a Arnction of 2 
in Fig. 4. There =in t o  be counted those photons which are extracted 
from the SOW beam at frequencies between 0.707 and 1,414 Doppler units 
from xc, suffering a shift of 0.707 mts toward xc upon scattering. 
Af'ter txavellhg tbmugh an optical thickness of 0.707 at their  f'reqtaency 
they w i l l  be scattered a s i n  and some of them w i l l  find themselves after- 
ward i n  the Doppler core. For example, a t  205 lun the absarptian fgctor 
(38) for x between 3.55 and 4.26 is 1.1 x lo*' .In the 1302 line, 1.9 x 
i n  the 1304 and 2,2 x 
in each of these lines (Fig. 3). 
shifted t o  an I less than 3.56 w i t h  a proWility of 0.6 and one half 
in the 1304 line per u n i t  optical thickness 
A fraction 5/9  of these 1302 photons are 
travel dovnvard t o  155 Inn, (a distance AY(1302) of 0.707 a t  x = 3.55 
according t o  Table 2). The 1304 contribution is_ similarly detennhed 
except that it is weighted by 1.55 t o  take into account the higher solar 
intensity and also by 0.42 to put it i n  terms of unit optical thickness 
a t  1%. The same weighting factors for 1% are 1.9 and 0 . ~ 8 .  ~n a l l  
1.45 X loo5 38 the SUUl Of fhe three absorption f&tors ~ ~ S e n t & r & g  
which arrlve at 155 km In the 1302 lfrre where 60$ then have frequeacies 
shifted In to  the core. This contribution of z076 x 
si@e scattered contributfahl. of 2.4 x 
would have been the Doppler h e  contrfbutiaa alone in an isothemml layer. 
coptpares with the 
and the sum is 0.52 times e t  
30 Fin81 BvaluatIon of the Source hmetlon 
The initial rate of excitation of the 3s level in the Doppler core, 
j , relative t o  jo for the pure Doppler shape m o d e l  including the multiple 
scattering contributions is shown in Fig. 4. 
0 
For the pure Doppler Une case jo(r)/E( z)is proportional to 
T(Z/p) /P(  2) . W i t h  p = 0.5 this I s  asyntotically 
and the relative rates just calculated m y  be converted to an absolute 
scale by multlplsing them by 
The result, j o ( ? - ) / E ( ~  is shown in Fig. 5. Fram jo It is next necessary 
t o  obtain the steady state excitation m t e  j(m by solving the traasfer 
equation (16) in the form 
where the sum is over the three fine structure components 
and 
. 
8 
1 
1 
I 
I 
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8 
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Using the relatianships 
the equation (40) play be written 
which may also be written 
I ,  25 
and 
the transport equation I s  found to be identical in fonn w i t h  (21) which 
was devehped for a two level model. By means of this integral eqrpltitm 
(21) the source f’unction Jo(m may easily be transformed into the excifation 
f’unctian J (r) . In Fig. 5 3 (z) I s  shown as the rate of excitation of the 
3 3s state per unit optical thickness in the 1~ ( P - 3 ~ ~ )  transition. 
2 
4. Intensities 
From j(7) the intensities may then be obtained. Since J(r) is 
already expressed as a Function of ? for the 1302 line the 1302 intensity 
5 
at z i s  given by 
Since to obtain the other components J(z’) should be expressed in units 
of the appropriate optical thickness it is necessary t o  nrrke use of the 
fact that 
26 
The nzrber of excited atoms per unit optical depth in the weaker lines is 
much larger than the number per unit Tin 1302. Then 
where the excitation functions in each integral are those appropriate to 
each transition. 
3P1y %o were equal the intensities of the three components would be 
nearly equal deep in the medium since the ratios of the optical thicknesses 
3 If the number of atoms in each absorbing level P 
2’ 
would be just 5/3/1. 
Important contributions to these integrals come FFcmi v e q  large 
distances. For -le at 180 km they eve WkR, 0.63 kR and 0.62 rn 
for the 1302, 1304 and 1306 lines respectlvely. Of these intensities 
The calculated intermities fop the three eoqxmente ure given in 
Table 4. To these must be added a Dot completely insignificant contribu- 
tion in the wings. This scattering WBS discussed in section 2 Its 
magnitude is indicated also in  Table 4 a& the  sum of the imppisand or 
n d t i p u  scattered component and the (praetfeaw) s-e scattered 
component in the wings gives the fi-1 overhed intensity. The mutimum 
occurs at  180 IQU and is abaut 2 b ~ .  mere is a monotonic deerewe abuve 
and below that altitude. The result is contpared w i t h  the observations in  
Fig. 6. A p a r t  fYan the a c t  that the measwed Uhnsities have wrled by 
a factor of 4 the agreement is excellent. 
i n  the absolute values for the measured dayghr intensitiies aad the measured 
solar intensities this comparison cannot yet be considered definitive. 
The solar l ine  width used is a lower l i m i t  determined by the elit vid- 
Since there are large uncertainties 
of the NRL spectrameter. 
one fourth the slit width agreement with the my 1963 f-t of P%e.tris 
would be perfect. 
Obviously i f  the W&&%lm & the @@r line are 
I As Donahue and Fastle have shown EL veak 6ource of exc&tat$aas wlfhiq 
the optically thick part of the oxygen atamsphere (belat about 300 km) 
would produce an intense glow if its contribution t o  Jo were large! compared 
t o  the solar scattering. They argued far such a source not only on the 
grounds that the airglow intensity was larger than expected but also 
because of the existence of the sharp mrucimum. This second argument is 
no longer coppelung and the first one never was. loevertheless the present 
comparison of theory and observation cannot be taken as demonstrating the 
absence of such a source. It no longer is clearly necessary but it still 
might be present. Until precise inforniation is on hand about the intensits 
a8 
dtitude 
km 
Tab& 4 
slngle Scattering 
i+ 
-0 -- -- 
. _  -;. & -- -* 
0.03 0 . 0 0 ~  -- 
0.1 0.1 0.05 
0.15 0.15 0.09 
0.2 0.2 0.15 
0.26 0.30 0.25 
0.27 a029 P.20 
oelCa 0.39 0 . a  
0.36 0.45 0.41 
and shape of the solar l ines  at the time of an airglow observations and 
the precision of the airglaw intensity measurements is increased t o  the 
degree that experiment and theory may be ccuqared with confidence for  
factors of 1.25 in  agreement the question of a source remains open. 
4 Kaplan, Katyushina and Kurt have m e a s u r e d  the intensity of the 
1m-06 air- Unes up t o  500 km for very law sun angles, 5" ,  3" and 
-17". Their results fo r  the  flight of October 25, 1963 (+3") f i t  the 
expected pattern quite well (Fig. 6) e 
absorption lnthe wings becomes effective about one third as  fsr fram 
7 = 0 as i n  the case discussed in d e t a i l  i n  th i s  paper. 
maximum a t  about 250 km and makes it rather broad. 
results of their flight on June 6, 1963 for +5" are altogether different 
and very perplexing.  hey find a sharp r i se  in intensity (at least on 
descent) between 100 and 120 lan t o  a maximum a t  about 180 Inn then a very 
slow decrease t o  a plateau from 340 t o  500 km on which the intensity is 
2/3 its peak value. 
Because of the long slant path the 
This puts their 
On the other hand the 
The forbidden 
airglow by Fastie may 
',a 
TBE 1356 LIiW 
lines a t  1356 
provide evidence on t h i s  question. AppUcation of 
(5% - 3P2,1) observed in the 
the technique of radiative transfer calculation outlined in this paper 
t o  the case of a m e d i u m  of intermediate opacity predicts intensity as a 
f'unction of 7 shown in Fig. 7. Details coscerning these calculations 
will be published separately. The shape of the intensity versus altitude 
curve observed fits best t o  the theoretical model i n  which the absorbing 
base is put effectively a t  122 km and the opacity a t  the center of the 
l i ne  taken t o  be about IC (pig. 6). w e r  opacity produces too e- a 
decrease below the peak and lower opacity rill not pennit a mulsum above 
the alt i tude at  which true absorption becomes serious. 
6 0 According to the XfU observations the solar flux (TPo)v at 1356 A 
is only about 4 x ID8 photons/cm2 sec i or 2-4 x lQ4 photons/& per unit 
f'requency. Hence the factor 
is only 3.3 x lo6 and theory would predict only 4,8 Rayleighs scattered 
solar l ight  compared to  560 R observed. 
scattered intensity very u t t l e  and a t  2'= 4 the r s t i o  of the opacity 
t o  the 1302 l ine is 4 x 
Increasing T w o u l d  increase the 
which already seems rather high. Thus unless 
there is an undetected strang but perhaps narrow solar Une at 13% with 
peak intensity about 100 times the continuum intensity it would appear t o  
be diff icul t  t o  account for the 1356 U e  wfthout assuming a local source 
of excitation. 
C r n C L u s I r n  
This discussion should not be taken for a theory. It is an attempt, 
based on plausibility arguments, t o  isolate the most iqortfmt fsctors 
that determine the scattered intensity and t o  make an estimate of the i r  
contributions. The result  should be reasonably close t o  what can be 
expected fhnn a rigorous treatment based on a wave-optical treatment and 
exact transport equations. The machinery exists for hmdling this problem 
adequately and it should be applied. 
will serve t o  demonstrate tbat the =in features of the 1304 day- are 
Until then, however, th i s  C a k ~ h t i ~ n  
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msibly eqlicable 5x1 term8 of resonance scattering of the alar uv llnes. 
The main uncertainty is in the absolute intensity. There is UncertainQ 
as t o  what a l a e  to  use for the effective solar flux at  the tiae of the 
dayglow dbeervations and there is uncertainty as t o  whether the spread in 
reported dayglow intensitfes is peal. This spread ranges f r o m  agreement 
with the lmer l i m i t  of intensity expected for resonance scatterin& t o  
almost four times that intensity. Whether there is a contributian Ap(n 
excitation by fast photo-electrons remains a question t o  be settled. 
E i t h e r  it may be demonstrated tha t  the excitation is as efficient as that 
required by DonEhue and Fastie or it may be shm that the dayglow peak 
a t  180 1pa is too large to be accounted for  by resonance scattering of 
sunlight- H e i t h e r  has yet bees conclusively done. 
ACKlV-s 
This work was supported in part by the mtions l  Science Foundation, 
Atmospheric Sciences Section, and by the National Aeronautics and Space 
Administration under Contract l4ASAr-1'79. V e r y  useArl discussions are 
acknowledged with J. W. Chamberlain and TI. Holstein. 
8 -  
I 
I 
8 
1 
8 
1. T. M. Donahue and W. G. Fastie, Space Research I V Y  Ed. P. Ebuller, 
North-HoUand, Amsterdaa, 1964, 
2. T. A. Chubb, E. T. Byram, E. Friedman and J. E. Kupperian, Jr., Ann. 
Geaphys. _. 14, log, 1958. 
3. W. G. F’astle, E. M. C r o s s w h i t e  end Do F. Heath, J. Geophys. Res. 9, 
4129,1964. 
4. 
5 .  
W. G.  Pastie and E. M. Crosswhite, Planet. space Sci. 2, - 1W1, 1964. 
S. A. rCaplan, V. V. Katyushina, and V- G. Kurt, 5th Internat- 
space Science Spqosium and Cospar Meeting, Florence, Italg, 
raas, 1964. 
6. R. Tousey, Space Sei. Rev.  2, - 3, 1964. 
7. R. TO US^, J. D. Purcell, U. E. Austin, Do L. Garrett and I[. G. Widing, 
Space Research IV, Ed. P. Muller, North-Holland, Ameterdam, 1964- 
8. I. S. Bwen, Pub- A. S. P. 46, 146, 1934. 
9. A -  Blejamo, Ann. ~ e a p h S s .  20, - 67, 1964. 
10. 
U- 
12. 
13. 
14. 
C. Bsrth, Communication t o  Aeronomy Symposium NCC, Berkeley, 1963. 
A. B. Prag and I(. C. Clark, Phys. Rev. ktters - 12, 9, 1964. 
F. ICauf$aM, J. Chem. Pbys. 1965 ( to  be published). 
R. E. Garstang, Proc. Cambridge Phil. Soc. 57, U5, 1961. 
A. E. H e d i n ,  C. P. Avery and C. D. Tschetter, J. Geophys. Res. 
B Y  w7, 1964. 
15. 
16. 
17. 
C. Reber, J. G e o p h y s .  Res. 9, 4681, 1964. 
91. M. Donahue, J. E. Blamont and M. L. Lory, Planet. Space Sci. - 5 ,  3, 1961. 
T. Holstein, phss. Rev. - 72, L212, 197. 
18. T. Holstein, Wev. 83, U59, 1951. 
19. 
20. 
21. 
22. 
L. l4. Biberrpen, J. Exptl. Phys. U.S.S.R. a, 436, 197; 9, w, l-. 
Te 'foh.erfmt, to be pubuehed, 1965. 
W. Unno, Pub. A s k .  Sot. Japan - 4, 100, 19%. 
D. E. Osterbmok, Ap. J. z, 195, 1962. 
FIGURE CAPTfOlllS 1 . ‘  
8 
1 
t 
8 
1 
8 
I 
8 
I 
8 
8 
1 
1 
8 
I 
I 
8 
1 
Figure 1. Relative number of photons scattered from a continuum by a l ine 
with a pure Doppler shape and by a l ine with combined Doppler and 
resonance shape as a function of optical depth along the light 
path at the l i n e  center,, 
Relative rate of photon absorption per unit  optical thickness Figure 2, 
along t h e  primary beam in the Doppler core for a pure Doppler l ine  
shape ( T ~  -o 
the  region of the wings from x = 2,85 to x = 3.44, x t 2,85 t o  
where T~ = t / v  , i n  the wings ( 0 )  and in 
x = 3.55 and x = 2,85 to  x = 4.26, The altitude8 at  which various 
T / V  values are reached are indicated for  v = 0.5 in t he  1306 line, 
the 1304 l ine  and the 1302 line, 
Total number of photons scattered f r o m  the primary btam in kilo Figure 3. 
Rayleighs for each l ine 8s a function of altitude, The observed 
alt i tude profile i s  shown as a dashed curve scaled by a factor 
of 20. 
Primary excitation r a t e  of t h e  3S level relative t o  the  rate for 
a pure Doppler l ine shape as a function of optical depth i n  the 
1302A l ineo The a l t i tude  in km is also marked, 
Figure 4. 
0 
Figure 5 .  First approximation t o  the  emission rate and f inal  emission rate 
multiplied by (n FSA uD/O Av,)”. 
Predicted overhead intensity in kil0-Rieyleighs as a function of 
altitude (solid l i n e ) ,  Observed profiles normalized at 185 km. 
Dots are observations by Fastie, Heath and €rosswhite in 1963, 
Figure 5.  
circles same group in 1962 and dashed carve the results obtained 
by Kaplan, Katyoshina and Kurt for a solar zenith angle of 8700 
Observed intensity of the 1356A l ine  i n  Raylei&s, Theoretical 
0 
Figure 60 
profiles are for two different apsdties beginning at  118 km and 122 .he 
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